A set of successive approximation formulas for calculating the refractive index profile of optical fibers from their transverse interference patterns has been derived. The probing ray refraction due to the index gradient in the core is corrected for by these formulas, and the accuracy of index determination is improved. The error is confirmed to be less than 3 X 10-3% of the index difference by means of computer simulations. The index profiles of some optical fibers are practically determined with the help of these formulas.
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To widen the transmission bandwidth of multimodel and single-mode 2 optical fibers by controlling the refractive index profile, its more precise measurement is necessary. The transverse interference method has been used for determining the refractive index profile as a nondestructive method. 3 -8 This method has some merits, such as simplicity and speed of collecting data.
As for the accuracy, there remained one problem, because the previous fringe-shift analysis 9 neglected the effect of refraction of the probing ray due to the transverse index gradient.
In this paper, the authors have derived exact formulas which completely correct for the probing ray refraction. 10 In addition, we have investigated the accuracy of these formulas and have measured the refractive index profiles of some optical fibers with an interference microscope. It is assumed that an optical fiber is immersed in matching oil whose refractive index is equal to that of the cladding (n 2 ). A test beam which consists of parallel light rays illuminates the fiber in transverse direction. The probing ray is refracted through the core which has an azimuthal symmetric refractive index profile, as shown in Fig. 1 . When the y axis is located on the lens-object plane, the ray incident on the fiber 
where a is the core radius, n 2 is the refractive index of the cladding, D is the distance between interference fringes corresponding to one wavelength, and X is the wavelength of the light source. The optical pathlength from Po to P 1 and the refraction angle Ap(y) are expressed 1 2 in terms of the local refractive index n (r) and the transformed argument u = r n(r) by
respectively, where u 2 = n2 a.
Therefore, substitution of Eqs. (2) and (3) into Eq. (1) gives an integral equation, but this is difficult to solve analytically because it includes the integral in the argument of trigonometric functions. Hunter et al. 12 ignored the tan term in Eq. (1), but this term is of the same order of magnitude as the optical pathlength term.
In the first-order approximation, tanm and sec4, in Eq.
(1) are approximated by their first terms in a Taylor This is the formula which corrects for the ray refraction in the first order approximation.
In the second-order approximation, the refraction angle A(y) is calculated by substituting the result of the first-order approximation into Eq. (3), and the second term in a Taylor series expansion of tan4 is treated as a correction term. Substitution of Eq. (4) into Eq. (3) gives, after some simplification,
of e of the first-order approximation for various values of A is found to be nearly proportional to A 3 , and this expectation is proved to be right. Figure 2 illustrates the error of the previous analysis, of the first-order approximation, and of the second-order approximation, respectively. From this figure, it is found that the error of the second-order approximation is about 10-3 times smaller than that of the previous analysis. Figure 3 shows errors for different values of the exponent a of the power law index profile. 13 When the value of a is large, the error of the first-order approximation becomes rather large. However, the error of the second-order approximation is smaller than that of the first-order approximation by 2 orders of magnitude, even when a = 10. When the corrected fringe shift in the second-order approximation is defined by Normalized distance r/a The higher order approximation can also be obtained in the same manner.
The refractive index profile can be obtained from the measured fringe shift R (y) with the help of Eq. (4) or Eqs. (5)-(7).
To investigate the accuracy of Eq. (4) and Eqs. (5)- (7), a parabolic index profile was initially assumed to have been given, the fringe shift R (y) was numerically calculated, and the index profile was recalculated from the fringe shift with the help of Eq. (4) and Eqs. (5)- (7). The result is shown in Fig. 2 .
The error e as a function of the transverse distance r is defined by
where n (r) and ncai(r) are the initially given profile and the calculated index profile, respectively. Since the Ml X 0 1.
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Normalized distance r/a From these computer simulations, the error of the second-order approximation is confirmed to be within 3 X 10-3% of the index difference between the core center and the cladding.
The index profiles of some optical fibers were practically measured by using an interference microscope.
The refractive index of the matching oil was made equal to that of the cladding by controlling the temperature. The transverse interference pattern of a graded index optical fiber made of compound glass is shown in Fig.   4(a) . Diameters of core and cladding are 69 Atm and 200 ,im, respectively. The refractive index of the cladding was determined to be 1.5160 by comparing it with that of the matching oil. The core radius was divided into ninety-five equal parts, and the fringe shift corresponding to each divided part was used to calculate numerically the refractive index profile with the help of Eqs. (5)- (7) of the second-order approximation. The result is shown in Fig. 4(b) .
In this measurement, the principle error is small.
But the reading error was evaluated as 0.5% of the index difference, and this limits the total accuracy. However, some reduction of this reading error seems possible by incorporating an image processing technique, for example, the combination of a TV system and a minicomputer.
The index profile of a thin fiber whose core radius was about 4.5 ,um was also successfully measured, so this method seems to be applied to single-mode fibers.
In this study, a set of exact formulas for calculating the refractive index profile from its transverse interference pattern has been derived, and it was confirmed that this method can be applied to the precise measurement of index profile without destroying fiber samples. Since it is not necessary to prepare a special sample form, this method is applicable to the fast measurement of preform rods and fibers during the manufacturing process, especially for soft rods of plastic focusing fibers.
